The rnpA mutation, A49, in Escherichia coli reduces the level of RNase P at 43°C because of a temperature-sensitive mutation in C5 protein, the protein subunit of the enzyme. Microarray analysis reveals the expression of several noncoding intergenic regions that are increased at 43°C compared with 30°C. These regions are substrates for RNase P, and they are cleaved less efficiently than, for example, tRNA precursors. An analysis of the tna, secG, rbs, and his operons, all of which contain RNase P cleavage sites, indicates that RNase P affects gene expression for regions downstream of its cleavage sites. S everal years ago, it was reported that two of the enzymes in the lac operon were produced in different molar quantities, but no direct explanation was provided for this result (1). General speculative hypotheses for differing molar concentrations of proteins coded for in operons have also been suggested (2). Intergenic noncoding RNAs in operon mRNAs in Escherichia coli may provide endoribonuclease sites as one method of allowing production of operon mRNAs and proteins with differing molar concentrations. Products of endoribonuclease cleavage could be degraded rather quickly by an mRNA nuclease degradation mechanism involving RNase E. The small intergenic RNAs could be substrates for RNase P, and they would indicate that RNase P might process many more RNAs than was originally thought.
S
everal years ago, it was reported that two of the enzymes in the lac operon were produced in different molar quantities, but no direct explanation was provided for this result (1) . General speculative hypotheses for differing molar concentrations of proteins coded for in operons have also been suggested (2) . Intergenic noncoding RNAs in operon mRNAs in Escherichia coli may provide endoribonuclease sites as one method of allowing production of operon mRNAs and proteins with differing molar concentrations. Products of endoribonuclease cleavage could be degraded rather quickly by an mRNA nuclease degradation mechanism involving RNase E. The small intergenic RNAs could be substrates for RNase P, and they would indicate that RNase P might process many more RNAs than was originally thought.
RNase P itself is an essential enzyme responsible for the processing of the 5Ј ends of precursors to tRNA and other naturally occurring stable RNA molecules in E. coli (3) . In Salmonella, there is one region in an operon mRNA that appears to be cleaved by RNase P (4) . In this report, the noncoding intergenic regions and genes coding for proteins (ORFs) in several operons were cloned separately and examined as substrates for RNase P. Several of the intergenic transcripts were substrates for RNase P. These transcripts accumulate at the restrictive temperature in an E. coli mutant strain thermosensitive for RNase P function. ORFs in the relevant operons were not substrates. A mechanism of determining gene expression is described in which the action of a specific endoribonuclease controls regions downstream of its cleavage site in polycistronic operon mRNAs.
Materials and Methods
Strains of E. coli. E. coli A49 and several derivatives of this strain are described in ref. 5 
and references therein.
Cloning and Nomenclature of Intergenic RNAs. Several intergenic regions, the expression of which was high at 43°C in A49 (5), were chosen for cloning. Clones were amplified by PCR starting generally with the first nucleotide after the stop codon of an upstream gene and the last nucleotide before the start codon of a downstream gene. Clones were numbered according to the length of the sequences cloned and w or c, depending on whether transcription was in the clockwise (w) or counterclockwise (c) direction on the chromosome. The start and stop sites for each fragment on the chromosome are listed below, with the numerology based on that of Blattner et al. (6) : 205w (length 205 nt) from 3,886,139 to 3,886,343; 90w from 3,888,775 to 3,887,864; 125w from 3,934,795 to 3,934,919; 145w from 2,088,069 to 2,088,213; 154w from1,091,361 to 1,091,514; and 82c from 3,320,147 to 3,320,228.
Transcription of RNAs. Transcription was carried out with T7 RNA polymerase after clones were digested with BstBI. Transcripts were purified on 7 M urea-6% gels and exposed to RNase P holoenzyme from E. coli. The substrate concentrations were 100 nM, the enzyme concentration was M1 RNA 1 nM, and C5 protein was 10 nM. Incubation was for 37°C for 15 or 30 min.
Translation of Intergenic RNAs. b0669 and b0671, when assayed as one contiguous clone, translated a peptide in vitro by using the TNT T7 Quick Coupled Transcription͞Translation System (Promega). The clones were identified originally by Blattner et al. (6) .
Results

Regions of Interest.
To investigate global roles of RNase P, highdensity DNA oligonucleotide microarray analysis was used to examine the appearance of RNAs at restrictive temperatures in an E. coli strain mutant in the protein subunit (C5 protein) of RNase P (5). Forty-nine genes were discovered that were expressed at a low level at 30°C but at a much higher level at 43°C in the mutant strain, A49. Twenty-nine of these genes were precursors to tRNAs. Several genes, besides the ORFs b0669 and b0671 (5), were located in polycistronic operons, tna (typtophan degradation), his (histidine biosynthesis), rbs (D-ribose transport), and secG (protein excretion). A picture of hybridizing transcripts on the chip from regions that are of interest here are portrayed in Fig. 1A , and their organization is shown in Fig. 1B . Functional relationships among these operons, the polycistronic mRNAs of which are unstable and turn over in several seconds or minutes, are discussed below. Finally, we note that the transcripts we analyze here are a direct result of the shutdown in RNase P function in the mutant strain, A49.
Certain intergenic regions were cloned under the control of the T7 RNA polymerase promoter (see Materials and Methods). These regions generally were between two ORFs of a polycistronic mRNA or, in one case mentioned here, at the 5Ј side of a particular ORF at the start of transcription of an operon. The regions are: 205w, between tnaL(C) and tryptophanase (tnaA); 90w, between tnaA and tnaB; 125w, between rbsB and rbsK; 145w, between hisL and hisG; 154w, overlapping hisC and hisB; 82c, start of transcription of secG to the start codon of secG (Fig. 1B) . The resulting plasmids contain the T7 polymerase promoter, the fragment cloned, and a restriction site, BstBI. Three other intergenic regions of operon mRNAs were not substrates for RNase P.
Cleavage by RNase P. After DNA restriction enzyme digest, the cloned DNAs were transcribed by T7 RNA polymerase, and the transcripts were exposed to the RNase P holoenzyme from E. coli (see Materials and Methods). Neither M1 RNA nor C5 protein, the RNA and the protein subunits of RNase P from E. coli, had any activity on these substrates by themselves. All of the transcripts were cleaved by the holoenzyme except for 154w, which had to be shortened to be cleaved (see below).
The tna operon transcripts were cleaved in 205w (between U47 and G48; Fig. 2A ), producing a 5Ј phosphate on the 3Ј cleavage product and a hydroxyl on the 5Ј cleavage product (Fig. 2B) . The secondary structure is unknown, although one can draw structures using a Zuker program (ref. 7; www.bioinfo.rpi.edu͞applications͞ mfold) that might be correct. The theoretical structures depend on the number of nucleotides included, which are limited to the intergenic regions in our cases and are reliable in calculations with the Zuker program. Yanofsky and colleagues (8, 9) have also drawn simpler structures of this region using a more limited number of downstream nucleotides than we have (Fig. 2C) . Examination of the cleavages by RNase T1 (cleavage after accessible G residues) or RNase V1 (cleaves double-stranded RNA) in 205w indicates that the Yanofsky structure ( Fig. 2C ) is more clearly correct, but it includes fewer nucleotides of the total sequence we cloned. The presence of RNase V1 hits in the loop adjacent to the RNase P cleavage site has yet to be shown to portray an experimentally proven double-stranded RNA structure. An examination of 90w ( Fig. 2F) indicates that this secondary structure may be similar to the experimental result with RNases T1 and V1. The cleavage site determined by RNase P in 205w does not correspond to the classic model RNase P site at the 5Ј base of a helix in the structure we have drawn (1), although the cleavage site in 90w does (between C35 and A36; Fig. 2 ). Kinetic constants of cleavage by RNase P indicate why these sites are less favored than the well known cleavage sites.
The k cat and K m of the cleavages in 205w and 90w are shown in Table 1 and are compared with published values for cleavage of a tRNA precursor and the precursor to 4.5S RNA (p4.5). The values of the enzymatic constants for the other substrates are also shown. The K m values are higher than the published values, and the k cat ͞K m values are Ϸ10-fold or more lower than the values for tRNA precursors and for p4.5S RNA (3). These data indicate that, as expected, RNase P processes precursors to stable RNA at a high rate and allows low-efficiency processing of polycistronic mRNAs. In the last case, the enzyme functions as a means of determining the amount of downstream sequences in an operon by promoting degradation after cleavage of the polycistronic mRNA by itself. The large K m values of the new transcripts indicate that recognition of these structures is a significant obstacle in the enzyme cleavage reaction. One also notes that the amount of the RNA transcripts of tnaL (5-300 depending on induction), tnaA (0-10), and tnaB (0-5) per cell per generation is significantly smaller in vivo as calculated from our microarray data than that of, for example, total tRNA (2 ϫ 10 5 ). When a normal precursor tRNA, pSupS1, was exposed with different concentrations to RNase P in the presence of an intergenic region, 205w, the cleavage of 205w was inhibited as the concentration of pSupS1 was raised (unpublished data). The 205w transcript was cleaved at a rate at least 1,000-fold less than pSupS1 at the same concentration of substrate. . Each probe set for coding sequences or intergenic regions consisted of fifteen 25-mer oligonucleotides. The secG gene is followed immediately by leuU, a gene for a leucine tRNA (5), which is processed by RNase P at the beginning of its 5Ј mature sequence at a high rate (B). The operons and cloned intergenic regions used in this study. Large arrows indicate ORFs, which are joined by horizontal bars. The intergenic regions are solid lines directly below the parts of the sequence they represent and are designated by 205w, etc. The regions cloned, 205w and other numbered sequences, were chosen to start at the first downstream nucleotide after the stop codon of the upstream ORF and continued to the last nucleotide before the start codon of the downstream ORF. For 82c, the sequence starts in the upstream transcribed region and stops at the last nucleotide before the beginning of the secG ORF. Figs. 7C, 8C, 9B , and 10B. The cleavage sites are as follows: 125w, two sites between C82 and G83 and between U112 and G113; 145w, between A122 and C123; 154w, between C69 and U70; 154w shortened by different restriction sites: only the short fragment of 86 nt was cleaved as shown in Fig. 9 ; 82c between G54 and C55 (Fig. 10 ).
Other Properties of the tna Operon. The microarray data indicated all of the operons we studied with cells grown in LB broth are elevated in amounts at 43°C in A49 (Fig. 1 A) . Tryptophan was present in the cell growth medium, and catabolite repressors that affected the tna operon were absent. The transcription of tnaL was, therefore, not terminal, in the sense that transcription stopped after tnaL. Transcription continued after tnaL, as expected.
To determine whether the basal level of expression of a protein in an operon was affected by RNase P, cells were grown in minimal medium, and cell extracts were probed by Northern blots and by a tnaA activity assay. The mRNA of tnaA was elevated when A49 was shifted from 30 to 43°C, even without tryptophan induction. Similarly, tnaA activity was assayed by using the substrate S-O-nitrophenyl-L-cysteine (11) . The enzyme activity of A49 is lower at 43°C than at 30°C in the same strain but higher than that of the wild type at the restrictive temperature (Fig. 3) . These data show that the absence of RNase P activity in A49 at 43°C allows an increase of tnaA activity compared with the wild type. At 43°C in A49, there is a scarcity of aminoacylated tRNAs because of a general shutdown in biosynthesis of tRNA molecules (12) . [These assays were done in E. coli that also carries the A49 mutation. The mutation has been moved by phage transduction into BL21(DE3) (13)].
Tryptophan induces tnaA activities for both the wild-type and A49 strains Ͼ30-fold at 30°C but only 7-to 10-fold at 43°C (Fig. 3) . In fact, it has been suggested that tnaA activity is not thermostable unless a sufficient quantity of pyridoxal phosphate (PLP) is present in solution with it (14) . The activity of tnaA was assayed with and without PLP at 30 and 43°C. No activity was lost in PLP at the higher temperature, but Ϸ80% was lost without PLP, as was the case in our initial assays.
Finally, in the wild-type strain, there should be the remnant of RNase P cleavage of the 205w fragment. This fragment should be absent from the A49 derivative at 43°C. RNA was extracted from these strains and reverse transcribed with three different primers complementary to 205w.
The results as shown in Fig. 4 indicate that only in the wild-type lanes is there any indication of a fragment that resulted from cleavage by RNase P. As listed in Table 2 , which is published as These results represent an experiment in which the enzyme parameters for new substrates were measured together. Data for pTyr and p4.5S RNA are published in ref. 3. supporting information on the PNAS web site, all other relevant RNases are about at the same level in the wild-type and A49 strains: only RNase P transcripts are lowered in the A49 derivative, and no RNase P activity could be detected therein at 43°C after 45 min of growth. The enzyme is fully active in the wild-type parent.
Mutants of M1 RNA and Their Function on New Substrates. Wild-type RNase P and mutants thereof were assayed on precursor to yeast serine tRNA (pSupS1), the precursor to E. coli tyrosine tRNA and 4.5S RNA (p4.5), and some of the new substrates we identified. ⌬ (94-204) M1 RNA with C5 protein is not active on precursor tRNA. ⌬65 M1 RNA and ⌬245 M1 RNA with C5 protein are not active on p4. 5 (refs. 15, 16 ; unpublished data). In every case of the new substrates, none of the mutants was active (Fig. 5) . This result demonstrates that none of the new substrates was very similar in tertiary structure to either precursor tRNA or p4.5.
Discussion
RNase P Influences Subsequent Degradation of Polycistronic Substrates. Although we have shown that several polycistronic mRNAs are cleaved by RNase P in intergenic regions, the results we have obtained with the tna operon are indicative of a functional role in vivo. In this case, the amount of tna mRNA is increased at restrictive temperature in an RNase P temperature sensitive mutant and the appearance of intermediate products of RNase P cleavage are apparent only in a wild-type strain but not in the mutant strain at 43°C. Assays of tnaA activity are also higher in the mutant strain at high temperature compared with the wild-type strain. These data are all compatible with RNase P affecting the amount of tnaA and tnaB products in the wild-type strain. That influence is regulated by the apparent enzyme kinetics of RNase P on the cleavage sites in the tna mRNA, which allow for a lower rate of processing than, for example, tRNA precursors.
There appears to be no correlation of RNase P function with transcriptional control, initiation, or termination of tnaA. Subsequent to RNase P cleavage of the tna operon, RNase E degrades the rest of the cleaved products, via the degradasome, because this enzyme attacks preferentially molecules with a 5Ј monophosphate, the actual product of RNase P cleavage (17) . Experiments in vitro indicated that RNase E can degrade the products of RNase P cleavage (unpublished data). Our experiments have no relevance to the finding that the half-life of some mRNAs depends on the 3Ј terminal sequence of these mRNAs and their removal by exonucleases.
The tna Operon. The expression of the tna operon depends on the concentration of cAMP-receptor protein (CRP) and tryptophan induced transcription termination by the Rho protein (18) . CRP and Rho are present in about equal concentrations in wild-type and A49 derivatives (Table 2) . Experiments in vitro show that only RNase P holoenzyme is involved in these cleavages so the action of Rho is not necessary for RNase P activity. Similarly, the action of Rho does not require the action of RNase P as one can assume by examining recent results on transcription controls from Gong and Yanofsky (personal communication). Other data indicate that in the presence or absence of tryptophan, RNA polymerase pausing and restarting or basal level transcription occur, but neither appears to affect the location and efficiency of specific cleavages by RNase P.
Five bacteria aside from E. coli contain the tna operon. (Shigella flexneri, Haemophilus influenzae, Proteus vulgaris, Enterobacter aerogenes, and Pasteurella multiocida; refs. [19] [20] [21] [22] [23] . All contain similar structural features (e.g., a Rho site) even though some intergenic sequences are changed in size. There is a long perfect sequence stem between tnaA and tnaB among these bacteria. Disrupting this latter feature in 90w of E. coli prevents RNase P from cleaving this fragment (unpublished data).
The his and rbs Operons. In histidine biosynthesis, phosphoribosyl pyrophosphate and ATP are initial substrates, and they link that pathway to the biosynthesis of pyrimidine, purine, pyridine, and tryptophan (24) (25) (26) . The elevated level of his operon RNA in the RNase P defective strain, A49, is illustrated in Fig. 1 A. The level of hisL and the first half of 145w are comparable to that in the wild type, but the level of the transcript downstream neighboring the RNase P cleavage was elevated in A49. This high level is caused not by transcription initiation or attenuation, because there are no other factors that affect the downstream sequence, but by the inability of RNase P to cleave the his operon substrate. The hisC mRNA could be processed by RNase P but only when considerably reduced in size at its 3Ј end, suggesting that it does get cleaved after the action at a downstream site by RNase E (4).
The connection between the rbs and the his operon is also of interest. Ribose is first phosphorylated by rbsK to ribose 5Ј phosphate, which is then converted to phosphoribosyl pyrophosphate (PRPP) by ribose 5Ј phosphate kinase (24) (25) (26) . The genes of rbsD, rbsA, rbsC, rbsB (all involved in transporting D-ribose), and rbsK are all affected by RNase P (Fig. 6 ). These data imply that the level of PRPP is determined by the nuclease, RNase P. Thus, ribose transportation and utilization and histidine biosynthesis are related at the posttranscriptional level by the action of RNase P. RNase P in Transport. In Gram-negative bacteria, secY, secE, and secG form the membrane-embedded core complex of the protein transport apparatus (27) . Largely hydrophobic proteins are selectively recognized by the RNA component of which the signal recognition particle (SRP), 4.5S RNA, depends on RNase P for its biosynthesis. The excretion of secretory proteins involves the posttranslational binding of protein by the chaperone secB and its subsequent transfer to secA, which then translocates the protein across the secYEG channel (Fig. 6) . The function of RNase P in these transport processes can be summarized in the following way: (i) maturation of SRP RNA depends on RNase P; (ii) the 5Ј UTR of secG, an important stimulator of protein translocation, can be cleaved by RNase P leading to its lowered expression; (iii) all of the genes involved in ribose transport (rbsA-D and rbsK) are reduced in expression by the action of RNase P; and (iv) the low expression of tnaB, a low-affinity tryptophan permease, is controlled by RNase P.
Finally, b0669 and b0671, two putative ORFs identified in the E. coli genome (5), which are not part of an operon, are coded on the complementary strand to a tRNA polycistronic RNA, and they are part of the high-level expression group in the microarrays in the A49 mutant strain used as a prelude to this study. RNase P does not cleave these transcripts. b0669 shares homology with an intracellular alkaline protease of Bacillus clausii, whereas b0671 does so with a cross-ER membrane fragment of rat InsP3 receptor (6) . We propose that b0669 and b0671 might form one ORF that encodes a protein across or embedded in the inner membrane of E. coli (Materials and Methods and unpublished data).
RNase P in E. coli is under the control of the rel locus and ppGpp (3). Little direct data have been shown that these factors actually do affect the amount of subunits in culture. However, if this were the case, then RNase P would regulate gene control in operons. Additional experiments must be performed in this case. In the examples studied here, there is no doubt that RNase P behaves in intergenic regions adjacent to ORFs exactly as it does on precursor tRNAs at the permissive temperature and at the restrictive temperature.
Other Roles. Some operons are not induced under the conditions used here to prepare for microarray analysis. For example, the ␤-galactosidase operon is induced only in the presence of lactose and some of its derivatives. This latter operon transcript does show RNase P cleavage between lacY and lacA (1) but no cleavage between lacZ and lacY in preliminary experiments in vitro. In eukaryotes, there are no operons of the kind we studied in a prokaryote, E. coli. Although we have not tested flanking regions of eukaryotic genes involved in metabolism as substrates for RNase P, a distinct mechanism in which these regions are not substrates for the enzyme may prove important in further delineating eukaryotes from prokaryotes.
